Green onions grown in soil and hydroponic medium contaminated with Escherichia coli O157:H7 and Salmonella were found to take up the pathogens in their roots, bulbs, stems, and leaves. Pressure treatment at 400 to 500 MPa for 2 min at 20 to 40°C eliminated both pathogens that were internalized within green onions during plant growth.
G
reen onions represent important crops worldwide. Unfortunately, green onions are one of five high-risk commodity groups and lead to 5% of produce-related outbreaks (6) . Green onions are grown in agricultural settings that are prone to contamination by microbial pathogens (2) . Preharvest sources of enteric pathogens, such as Salmonella enterica and Escherichia coli O157:H7, include soil, manure (or compost), irrigation water, water used for pesticide application, insects, and animals (4) . Researchers have demonstrated the movement of E. coli O157:H7 (10) and S. enterica (5) into the root and shoot systems of produce originating from contaminated groundwater or irrigation sources. Pathogens residing inside plant tissues are not affected by surface washing or disinfection treatments (10) and can therefore survive after treatment of the vegetables with sanitizers (1) .
In this study, we simulated the preharvest contamination of green onions by E. coli O157:H7 or S. enterica, cultivated in hydroponic or soil medium, to compare the populations of attached and infiltrated bacteria. We then subsequently determined the efficacy of high hydrostatic pressure (HHP) as a postharvest decontamination step for pathogens internalized in green onions. To mimic preharvest contamination of green onions, shoots were grown in water or soil exposed to contaminated water. Briefly, shoots were planted in pots containing peat that were under continuous exposure to fluorescent light. Plants were irrigated every other day with water inoculated with a cocktail of three E. coli O157:H7 strains or a cocktail of five S. enterica strains at a concentration of 5 ϫ 10 8 CFU/ml. For hydroponic growth, green onion sections comprising the roots, bulb, and stem were individually placed into conical flasks containing sterile deionized (DI) water and allowed to grow in a biosafety cabinet with exposure to light. Aliquots of E. coli O157:H7 or S. enterica cultures at an approximate cell density of 10 9 CFU/ml were added to the flasks every other day. After ca. 15 days, mature green onions (ϳ12 in. in length) were aseptically harvested and washed with sterile DI water, and the roots were trimmed to ϳ1 cm to simulate commercial practice. The plants were microbiologically assayed to determine the overall counts of E. coli O157:H7 and S. enterica cells in the entire plants. To determine the populations of internalized bacte- ria within the edible parts (foliage, stem, and bulb), a blade was used to sever the intact roots. The plants were then wiped with a sterile Q-tip dipped in 1% Virkon S Sterilant solution (Dupont, DE), rinsed in sterile DI water, and then dried in air for 5 min prior to microbiological analysis. To determine the distribution of bacteria along the length of the green onions, the plants were treated as described above and the roots, bulb, stem, and foliage leaves were then cut into defined pieces and individually analyzed. To assess the efficacy of HHP for decontamination of E. coli O157:H7 and S. enterica internalized in green onions, the plants were contaminated with E. coli O157:H7 or S. enterica during plant growth using the hydroponic system as described above. The hydroponic system was preferred over potted systems for this experiment since it provided a faster and more controlled growth environment. Mature green onions were harvested, and their roots were trimmed. The green onions were then packaged in the dry (unsoaked) or presoaked (soaking in water for 30 min before HHP) states and treated at 300 to 500 MPa for 2 min at 20 or 40°C (initial sample temperature before HHP) using an HHP unit with temperature control (Avure PT-1 model; Avure Technologies, Kent, WA). Temperature increases during pressure treatment of green onion samples were 2.8 and 3.3°C/100 MPa at 20 and 40°C, respectively. Treated samples were microbiologically analyzed and enriched in nonselective medium prior to detection of survivors.
Statistical analyses performed on the data included an analysis of variance and differences among means determined by the Tukey test, with significance defined at a P value of Ͻ0.05. All experiments were carried out three times. The populations of E. coli O157:H7 and S. enterica in hydroponically grown and soil-grown plants were approximately 6 log CFU/g ( Table 1 ). The populations within the surface-sanitized edible portion of green onions were 4.9 to 5.9 log CFU/g, demonstrating significant internalization. The distributions of the two pathogens in soil-and hydroponically grown plants, as shown in Table 1 , suggested the preferential localization of bacteria in the following order: roots Ͼ bulbs or stem Ͼ foliage. Chancellor et al. (3) investigated the uptake of fluorescent microspheres (1.0 to 10 m) in green onions and observed greater fluorescence in the roots, with the intensity decreasing with increasing vertical distance from the roots. Since the spheres are comparable in size to bacteria, the study demonstrated that particles devoid of specific attachment factors or adaptive responses, as well as bacteria, can be taken in through the root system and carried to the edible plant tissue (9) . We also found a higher population overall of E. coli O157:H7 and S. enterica in hydroponically grown green onions than in those grown in soil (P Ͼ 0.05). Solomon and Sharma (11) mentioned that internalization of pathogens may actually be more frequent in hydroponic systems because of less competition from rhizosphere bacteria usually present in soil.
Pressure inactivation of E. coli O157:H7 and S. enterica at 300 to 500 MPa (Table 2 ) was commensurate with the pressure level and water activity of green onion samples. Bacterial inactivation in green onions was significantly higher in the soaked state than in the dry state. Green onions in the dry state have a water activity (a w ) of ca. 0.95, while the a w of soaked green onions is closer to 1.0 (viz., 0.995). Indeed, the role of a w in enhancing the pressure inactivation of S. enterica (7) and E. coli O157:H7 (8) has previously been documented. Greater inactivation was also observed when the initial temperature was stepped up from 20°C to 40°C. During HHP at 400 MPa and 40°C (treatment that resulted in complete elimination of both pathogens on soaked green onions), the temperature of the samples increased transiently from 40°C to a maximum of ϳ53°C due to compression heating. It is thought that a brief exposure (Ͻ2 min) to this maximum temperature of ϳ53°C should not cause any considerable inactivation of the pathogens. Taken together, this study demonstrates the promising use of HHP with or without mild heat to enhance the safety of naturally contaminated green onions. Enrichment was conducted when the counts of E. coli O157:H7 or Salmonella enterica cells were below the detection limit by the plating method (0.7 log CFU/g). The detection limit for the enrichment method was 1 CFU/5 g. Values in the same row within the same treatment temperature category for the same pathogen that are followed by the same uppercase letter are not significantly different (P Ͼ 0.05).
